The individual filtering rates of the cladocerans in Creteil Lake were measured in the daytime with 14C-labeled ChZorella during a seasonal survey. This mesotrophic, shallow, polymictic lake is characterized by small algae (~25 wrn) and cladocerans (< 1.3 mm). Multiple regression models were established for each genus and for all the cladocerans. Body length alone explained from 44 to 57% of the total variance in the filtering rates of Daphnia spp., Ceriodaphnia spp., and Diaphanosoma brachyurum. An additional 23-34% of the variance was attributable to temperature. The inclusion of the Chl a concentration finally yielded r2 values ranging between 0.79 and 0.84. On the other hand, body length and temperature explained only 16% of the total variance in filtering rate of Bosmina longirostris. By taking into account the effect of factors other than length of the animal, the fit of the model established for all cladocerans improved considerably (from r2 = 0.47 to r2 = 0.83). Species-specific responses and thermal effects in the lake show the difficulty of applying models based solely on body length to obtain sufficiently accurate estimates of cladoceran filtering rates.
Cladocerans are a common group in freshwater zooplankton and typically are the most efficient filter feeders among the lake pelagic communities. They play an important role in energy transfers along the food chain and in the algal seasonal pattern (Bergquist et al. 1985; Lampert et al. 1986; Sommer et al. 1986 ). Thus, measurements of their grazing activity and knowledge of the factors that control their filtering rates are essential in achieving better understanding of the functioning of planktonic communities.
There is an increasing mass of data on phytoplankton and zooplankton dynamics. Many laboratory experiments have been conducted to analyze the trophic interactions between zooplankton and algae. Laboratory results, however, can hardly be extended to the field, and direct predictive models of in situ grazing activity are needed. Field studies on zooplankton grazing rates have only been performed rather recently (Haney 1971) , and investigations at a specific level remain infrequent.
The importance of cladoceran body size as the main factor influencing grazing activity has been clearly demonstrated. Body length accounted for almost 60% and for ~87% of the total variance in individual filtering rates measured, respectively, in 10 Canadian lakes and in Lake St. George (Knoechel and Holtby 1986a,b) . In these lakes, taxonomic affiliation, algal concentration, the type of algae, and temperature played only minor roles in explaining the filtering rate variance. Such results, however, might not be valid for all lakes. Chow-Fraser and Sprules (1986) pointed out that the filtering rate of Daphnia is reduced when blue-green filaments are prevalent. Jarvis et al. (1988) also indicated that the inclusion of food quality factors is justified in hypertrophic lakes where large cyanophytes are abundant.
In this paper we present data on Daphnia, Ceriodaphnia, Diaphanosoma, and Bosmina filtering rates in a small, shallow, polymictic lake where small planktonic species dominate. The effects of animal length and taxonomic identity, water temperature, and Chl a concentration on grazing activity are examined.
Afourelatos and Lacroix
Study site and plankton characteristics Creteil Lake, in the suburbs of Paris, is small, shallow (area, 0.42 km2; mean depth, 4 m; max depth, 6 m) and manmade from a former sand pit. This mesotrophic lake is mainly supplied by alkaline groundwater, with a pH from 7.0 to 8.5 in 1986. The lake was well oxygenated and did not stratify during the study. Further details on its characteristics can be found elsewhere (Testard 1983) .
Small chlorophytes (mainly chlorococcalean algae), diatoms, and cryptophytes dominate the phytoplankton. During the period of study, the mean proportion of nanoplankton ~25 pm in diameter was always > 90% of the Chl a, and algae < 10 pm represented 40-l 00% of the total algal chlorophyll. The cladoceran pelagic community is composed of four genera and characterized by small individuals (0.2-1.3 mm). Three species are dominant in the genus Daphnia (0. cucullata Sars 1862, D. galeata Sars 1864, and D. hyalina Leydig 1860). Hybrids between these species are frequent (Lacroix 1987) . Ceriodaphnia comprises two species, C. pulchella Sars 1862 and C. dubia Richard 1894, the latter being less abundant. The two other cladocerans are Diaphanosoma brachyurum L&in 1848 and Bosmina Zongirostris Miiller 17 8 5.
Methods
Generalprocedure-Measurements of individual filtering rates with 14C-labeled Chlorella were performed on 14 different dates from March 1986 to November 1986 with Haney's (197 1) method. Twenty-four experiments were carried out between 1330 and 1530 hours at 2.5-m depth in a central station of the lake (two replicates were run on 10 dates and a single experiment on 4 dates). The grazing chamber was a 11.25-liter Haney chamber, 40 cm high and 20 cm in diameter, as modified by Gawler and Chappuis (1987) . Tests with dyes demonstrated effective mixing inside the chamber within a few seconds.
Labeled food-Laboratory experiments showed that there was no selectivity in feeding of Daphnia and Ceriodaphia on mixtures of Chlorella (22 pm3), Selenastrum (30 pm3), and Chlamydomonas (340 pm') (unpubl. data). The common alga Chlorella pyrenoidosa was used because it is small (3.5~pm diam), easy to grow, and resistant to clumping and sedimentation. For each experiment in the field, 10 ml of an exponentially growing culture of Chlorella (-1 O6 cells ml-') were given 1 mCi Na, 14C03 and incubated for 20 h under continuous light and with gentle stirring. The unincorporated label was removed by double centrifugation at 5,000 rpm for 8 min, each spin being followed by resuspension in a nonradioactive culture medium. Chlorella cells were counted on a hemacytometer. After appropriate dilutions, final concentrations in the grazing chamber were 2,000-5,000 cells ml-l, with an average activity of 25 cpm cell-r. The addition of labeled ChZorella only slightly modified the food concentration in the lake, representing no more than 5% of the algal C (3.15 pg C cell-l for Chlorella, according to Rocha and Duncan 1985 ; C : Chl = 80 in Creteil Lake, J. Garnier pers. comm.).
Field procedures -Incubation lasted 7.5 min, from the closing of the chamber to the filtration of its contents through an 80-pm mesh nylon screen fitted on the base of a Plexiglas cylinder. The animals remained constantly submerged inside this cylinder throughout the filtering procedure. The labeled cladocerans were anesthesized for 2 min in soda water (Gannon and Gannon 1975) . After brief Formalin fixation (2 min), they were washed three times with water and then poured through a set of three sieves (425, 335, and 200 pm) . Each of the four resulting size classes of animals was concentrated on a GFK Whatman filter and put in a small plastic vial in 4% Formalin. Each vial was immediately transferred into liquid nitrogen. Once the grazing chamber had been retrieved, these operations never lasted > 15-20 min.
The activity of the feeding suspension was measured after incubation by filtering a 5-ml aliquot through a GFK filter (25-mm diam). Each filter was immediately placed in a scintillation vial with 1 ml of tissue solubilizer (Protosol, NEN) and then put aside for further laboratory treatment. As the propor-tion of the 14C label removed by grazing was negligible (< 1 ppm), this measurement represented the initially available activity.
Processing of labeled animals-vials containing Formalin-frozen animals were transported to the laboratory in liquid nitrogen and stored for a maximum of 10 d in a freezer (-18OC). After thawing, the animals were identified and measured (nearest 0.01-0.02 mm) from the anterior margin of the head to the base of the tail spine. Daphnia spp. were only slightly helmeted. Similar-sized individuals were put in scintillation vials containing 1 ml of Protosol exactly 2 h after the Formalin thawed (see Table I for more details).
Validation of preservation techniqueChemical preservation leads to rapid and substantial losses of the label and consequent underestimation of the zooplankton grazing rate (Holtby and Knoechel 198 1; Persson 1982; DeMott 1985; Lampert and Taylor 1985; Sierszen and Watras 1987) . Moreover, these losses are highly variable. Several workers therefore have preferred dry storage to chemical preservation in liquid (Chow-Fraser and Knoechel 1985; ChowFraser 1986; Knoechel and Holtby 1986a,b; Sierszen and Watras 1987) . Dry animals, however, are difficult to handle and sort.
We tested the variability in 14C losses from labeled animals immediately frozen in Formalin and put in scintillation vials exactly 2 h after thawing. We ran 31 short-term laboratory experiments at various temperatures with Daphnia, Ceriodaphnia, and Diaphanosoma populations, and three types of labeled algae (Mourelatos et al. in prep.) . We compared the apparent filtering rates immediately after the end of the feeding experiments (maximal stay of 20 min for labeled animals in 4% Formalin) and after freezing. Cladoceran identity, body length (from 0.27 to 2.68 mm), temperature during incubation, and the type of labeled alga had no significant effect on 14C losses. Residual variances of the multiple regressions performed on data obtained at 20 min and after freezing in Formalin were also similar. Consequently a common correction factor can be applied for all Cladocera. In order to quantify the losses, a multiple regression model was fitted to all these experimental data obtained at 20 min and after freezing by adding a dummy independent variable which accounted for the effect of the storage technique (n = 1,006 observations, r2 = 0.93). A correction factor of 2.15 was applied to all Cladocera.
Measurement of radioactivity-All samples underwent overnight solubilization at 50°C in 1 ml of Protosol. The next morning vials received 10 ml of scintillation solution (Econofluor, NEN) and two drops of glacial acetic acid to neutralize the cocktail. Counting lasted 1 min after a 4-h wait to make chemoluminescence negligible. Sample activity was counted on a Kontron-MR 300 automatic liquid scintillation system. As counting efficiencies for cladocerans and Chlorella were equal (external standard ratio technique), filtering rates were computed directly from measured cpm. Background counts were < 50 cpm, whereas scintillation vials with labeled animals usually gave > 1,000 cpm. The activity measured in each vial was divided by the number of animals placed in it. The animal filtering rates were calculated with the relation: animal activity F= 2.15 x x 1,440 (min d-l) chamber activity x incubation time (min) (F, ml ind.-' d-l; animal activity, cpm ind.-'; chamber activity, cpm ml-').
Statistical analyses -Least-squares, stepwise multiple regression analyses were performed to establish the relationship between the filtering rate and the individual body length (L), temperature (T), and algal concentration (Chl a). Equations were fitted to the data obtained for Daphnia spp., Ceriodaphnia spp., D. brachyurum, and B. Zongirostris, and also to the pooled data. Statistical analyses were carried out with the STATITCF software package from the "Institut Technique des Cereales et des Fourrages" and the SPSS/PC+ system.
Stepwise regressions were performed with the model: log,,F = a + b,log,,L + b,T + b3T2 + b,log,,(Chl a) (L, in mm; T, "C; Chl a, ,ug liter-l). At each step, the probability level for addition or elimination of a variable was P = 0.05. We used the log,, transformation of filtering rates and body lengths to linearize the relation and to improve the homogeneity of error variance. The filtering rates of zooplanktonic organisms have generally been fitted best to individual lengths with a power function (see Geller 1975; DeMott 1982; Chow-Fraser and Knoechel 1985; Haney 1985; Knoechel and Holtby 1986a,b) . We did not transform temperature values into their logarithms. As emphasized by Peters and Downing (1984) , the logarithm of a biological rate is generally a linear function of temperature (QIO or Van't Hoff relation). In fact we verified that the use of the logarithm of temperature did not improve the fit of the model. A quadratic term (Tz) was added to detect a possible parabolic relationship between the logarithm of the filtration rate and the temperature. In the same way, Peters and Downing (1984) introduced a quadratic term to the logarithm of food concentration to accommodate a nonmonotonic effect. This addition did not improve our model, so we retained only the log,, transformation of Chl a concentration. For each Table 2 . Results of multiple regression for Daphnia spp. (n = 276 observations). Data are listed by order of entry of all statistically significant (P < 0.05) variables in the stepwise procedure. Estimated regression coefficients (b) and their standard errors (SE,) for each variable, partial F-value and its associated probability (I'), multiple coefficient of determination at each step (r2), and squared partial coefficient of correlation (part r*). model, residuals were plotted against the independent variables to verify the absence of nonrandom pattern and to check the homoscedasticity of residuals.
Covariance analyses were run to analyze the influence of taxonomic differences on the filtering rate (Tomassone et al. 1983; Zar 1984) . Prior analyses were made to test the asumption of homogeneous slopes. The improvement of fit obtained by taking into account cladoceran generic identities was evaluated by stepwise regression, in which cladoceran identities were added as binary dummy variables (Ei = 1 if the individual belongs to taxon i, and Ei = 0 if it does not). As k -1 dummies are needed to define k levels on a nominal scale, dummy variables were introduced only for Ceriodaphnia spp., D. brachyurum, and B. Zongirostris; Daphnia spp. individuals being characterized by E, = 0 (for more details of the statistical procedure, see Tomassone et al. 1983) .
Theoretically, the predicted value of the filtering rate is underestimated if calculated directly as the antilogarithm of the regression estimate (Baskerville 1972; Beauchamp and Olson 1973; Sprugel 1983) . We found, however, that the values corrected according to Sprugel (198 3) overestimated the observed filtering rates (see also Knoechel and Holtby 1986a ). In our case, differences between uncorrected and corrected values were <9% for the four cladoceran genera, indicating that the bias was probably quite close to 5%. Thus, we judged it unnecessary to make corrections for skew arising from back transformation.
Results
Spec$c models offiltering rates -The data for all cladocerans consisted of 664 filtering rate values, involving 5,920 animals (Table  1) . Highly significant (P < 0.001) multiple regression models were obtained for each of the four taxa (Tables 2-5) .
All the independent variables tested were retained in the same order and acted in a similar way (regression coefficients of the same algebraical sign) in the specific models fitted for Daphnia spp., Ceriodaphnia spp., and D. brachyurum (Tables 2-4). They accounted for 79.1-83.8% of the total intrataxon variance in filtering rates. For these three taxa, the most significant of the tested variables was body length (Fig. 1) . This variable alone explained 44.2-5 6.6% of the total variance observed in individual filtering rates. The next most important factor was temperature, which contributed as much as 23.0-34.1% to the stepwise increase in explained variance. Not only T but also T2 was retained in the models as a highly significant variable. The algebraic values of the regression coefficients indicated a strong positive effect of temperature that decreased slightly at the highest temperatures (Fig. 2) . The last highly significant factor was Chl a concentration. Its effect on filtering activity was negative. The inclusion of this variable did not greatly improve the accuracy of the predictions (0.8-4.2% stepwise increase in explained variance). Within the range of Chl a concentrations observed during the study (Table I) , simpler models based only on body length and temperature can give fairly accurate predictions when chlorophyll data are not available (Table 6) . Bosmina Zongirostris differed from the other three cladocerans (Table 5 ). The coefficient of determination of its multiple regression equation was very low (r2 = 0.16). Although highly significant, body size clearly played a less important role in the prediction of individual filtering rates. Moreover there was only a slight positive effect of temperature on grazing activity (Fig. 2) and no significant effect of food concentration. Although another regression model including both T and T2 explained 38% of the total variance of Bosmina filtering rates, it was not retained. This model implied a slight negative effect of temperature below 15°C and a positive one above this temperature, which is difficult to interpret biologically.
Comparisons between taxa -The discrepancies between Bosmina and the other three cladocerans were obvious. The differences between Daphnia, Ceriodaphnia, and Diaphanosoma were much less pronounced but still highly significant (F-test, P < 0.00 1). A covariance analysis was performed (using the regression approach-option "unique" -of the SPSS/PC+ software) to compare the parameters of the equations obtained for these three genera. We found a slightly significant difference in the body length effect (P = 0.048), but no significant difference among the other slopes. Thus, the slopes appeared to be rather homogeneous. On the other hand, highly significant differences were found between the three intercepts (P < 0.0001). The intercept value for Diaphanosoma was slightly lower than the estimate obtained for Daphnia. The most important divergence consisted in a much higher intercept value of the equation fitted on Ceriodaphnia, compared with the other two species.
For the differences among the filtering rates of the four taxa to be easily quantified, slopes were supposed to be homogeneous and cladoceran identities were added as binary dummy variables in a general model fitted to all the available data (Table 7) . With such a model, the filtering rates of similarsized species differ only by a constant factor that can be estimated from the values of the regression coefficients of the dummies. The inclusion in the model of the dummy variables was highly significant (P < 0.0001) and accounted for an additional 16.9% of the explained variance in cladoceran filtration rate. For identical conditions of temperature, Chl a concentration, and body length, the clearance rates of Ceriodaphnia, Bosmina, and Diaphanosoma were 2.7 1, 1.28, and 0.86 times the estimated value for Daphnia.
Length vs. weight efict -Divergences in length : weight relationships might explain the differences observed in grazing activities between similar-sized species. Thus, the filtering rates of the four taxa were estimated with the models given in Tables 5 (for B. Zongirostris) and 6 (for the three other cladocerans), for the individual lengths corresponding to dry weights of 1, 2, 3, and 4 pg ( Table 8) . Dry weights were calculated from length : weight regressions given by Bottrell et al. (1976) . The filtering rate per unit of biomass of Ceriodaphnia is still greater: discrepancies in length-weight relationships cannot entirely explain the much higher filtering rate of Ceriodaphnia. The differences between Ceriodaphnia, Daphnia, and Diaphanosoma, though, are less (Bottrell et al. 1976 ) and its estimated filtering rate per unit of biomass is comparatively much lower.
Discussion
The present study confirmed the importance of body size as the main factor regulating the filtering rates of planktonic Cladocera. Furthermore, it very clearly demonstrated the essential role of temperature in the regulation of zooplankton grazing activity. These two variables were sufficient to explain as much as 78-80% of the total variance of measured filtering rates for Daphnia spp., Ceriodaphnia spp., and D. brachyurum. As each estimate of filtering rate concerned several similar-sized individuals (Table l) , however, the coefficients of determination do not reflect individual variability.
On the contrary, the proportion of variance accounted for by the regression model was much lower for B. longirostris (r2 = 0.16). Several factors might explain the low coefficient of determination obtained for B. longirostris. Body size does not play an important role, probably because of the small- Table 6 . Temperature and body-length-based models for the prediction of Daphnia, Ceriodaphnia, and Diaphanosoma filtering rates (SE,: standard error of the regression coefficients). (Table 1 ). In addition, B. Zongirostris is more specialized and selective than the other cladocerans (Bogdan and Gilbert 1982; DeMott 1982 DeMott , 1985 DeMott and Kerfoot 1982; Bleiwas and Stokes 1985) . Despite clear dominance of the small algae in Creteil Lake, seasonal shifts in the species composition of the algal community might have affected the intake rates on labeled Chlorella. Moreover, it has been observed in the lake that B. Zongirostris consists of two different morphs with distinct seasonal patterns (Lacroix 1989 ). This result is very similar to those obtained in North America (Manning et al. 1978; Peterson 1979, 1980) . Discrepancies between these two forms might contribute to the observed variability in Bosmina filtering rates.
The effect of temperature was found to be very important in Creteil Lake. When all data are pooled, the filtering rate of cladocerans increases threefold when the temperature rises from 10" to 20°C. Although problems of thermal acclimatization and possible interactions between the temperature and other variables are reported (Kibby 197 1; Armitage and Lei 1979) , laboratory experiments often have confirmed the importance of temperature on cladoceran filtering rates (Geller 1975; Gophen 1976; Kersting and Van Der Leeuw 1976) .
On the other hand, with a few exceptions (Nauwerck 1963; Bogdan and Gibert 1982) , Table 7 . Results of stepwise multiple regression for all cladocerans (n = 664 observations). Notation explained in legend to Haney 1985; Knoechel and Holtby 1986a) . Lampert and Taylor (1985) observed that temperature and food concentration were highly correlated in Schiihsee. They suggested that the effects of these two variables probably compensate each other, as increasing temperature will enhance the individual filtering rate, while increasing food concentration will reduce it. The absence of a positive correlation between temperature and Chl a in Creteil Lake might have allowed the emergence of the temperature effect. Downing and Peters (1980) did not observe any effect of temperature for Sida cristallina, however, despite the absence of such a correlation.
Another possible explanation could be that Creteil Lake is a shallow, well-mixed water body where differences in temperature between the surface and bottom are negligible. By contrast, most of the previous field studies involved stratified lakes. The influence of temperature might be difficult to assess in such lakes where migrating zooplankton undergo major daily thermal fluctuations. Tables 5 and 6 for T = 17.5%. Transformations of biomass to length were made from regressions of Bottrell et al. (1976) . Animal lengths (mm) corresponding respectively to 1 and 4 pg given in brackets. A distinction can be made between Bosmina and the other cladocerans concerning the effect of temperature (Fig. 2) . There is a marked positive effect with a slight slowing at the highest temperatures for Daphnia, Ceriodaphnia, and Diaphanosoma. On the other hand, the effect of temperature seems to be less marked for B. Zongirostris. This result could be partly due to the great variability in the data, but Bogdan and Gilbert ( 19 82) observed a similarly small positive effect of temperature for this species.
are close to most of the published values of incipient limit concentration (ILC from 0.18 to 0.60 mg C liter-l) obtained in laboratory experiments with various species of 1.4-2.0-mm-long limnetic Daphnia (see Muck and Lampert 1984; Persson 1985) . The phytoplankton of Creteil Lake is mostly composed of small, edible nanoplankton (< 10 ,um) . Consequently a comparison between the results obtained in the lake and these experimental data is legitimate. Moreover ILC should normally be lower for smaller zooplanktonic individuals (McMahon 1965; Downing and Peters 1980) . Thus it is reasonable to consider that the food concentration is frequently above ILC in Creteil Lake. The existence of an analogous negative food effect on the filtering rates of Ceriodaphnia and Diaphanosoma means that these zooplankters might have ILC values similar to those observed for Daphnia.
The contribution of food concentration to the total explained variance is rather low (< 4.2%), although the negative effect of Chl a concentration on the filtering rates observed for Daphnia, Ceriodaphnia, and Diaphanosoma is highly significant. The algal food concentrations ranged from 1.8 to 10.3
In situ experiments were performed by Haney (1985) with 1.5-mm-long Daphnia catawba. He obtained much higher values of ILC than those previously reported from the laboratory. Assuming a C : dry wt of 0.43, ILC was 1.9 mg C liter-l at night and 4.3 during the day. On the other hand, ChowFraser and Knoechel(l985) found a significant negative effect of concentration of edipg Chl a liter-l throughout the period of ble phytoplankton (~30 pm) on in situ study. These values corresponded to 0.14 ' filtering rates of small-to-medium-sized and 0.82 mg C liter-', respectively, after Cladocera with algal concentrations as low applying the C : Chl conversion factor of 80 as 0.02-O. 17 mg C liter-' after conversion found for the algae of Creteil Lake. They of dry weight to C. Such discrepancies are difficult to explain. Field data from lakes characterized by complex particulate organic matter are hard to compare with laboratory results with unialgal cultures.
Filtering rates were rather close for similar-sized Bosmina, Daphnia, and Diaphanosoma (Fig. 1) , whereas Ceriodaphnia exhibited much higher rates. This pattern is consistent with previously published results on the grazing activity of Ceriodaphnia on small food particles (Chow-Fraser and Knoechel 1985; Knoechel and Holtby 1986a; Jarvis et al. 1988) . Discrepancies in length : weight relations cannot account for this higher grazing activity since the filtering rate of Ceriodaphnia per unit of biomass is also consistently greater (Table 8) . Neither can a preference of Ceriodaphnia for Chlorella explain this result; laboratory experiments demonstrated little or no selectivity in Ceriodaphnia, Daphnia, and Diaphanosoma among small food particles (DeMott 1985 (DeMott ,1986 LampertandTaylor 1985) .Nor did we find any kind of selectivity in Daphnia and Ceriodaphnia fed on mixtures of three nanoplanktonic algae (unpubl.). On the contrary, labeled Chlorella used in Creteil Lake might not be suitable for measuring the maximal filtering rate of Bosmina (Bleiwas and Stokes 1985) . This problem might explain why estimated filtering rates per unit of biomass are much lower for this cladoceran.
In conclusion, our results challenge the generality of previous statements stressing the minimal role of temperature and taxonomic factors in the prediction of cladoceran community grazing. We found that a Daphnia 0.5 mm long filtered as much at 20°C as one 0.9 mm long at 10°C and the filtering rate of a Ceriodaphnia 0.75 mm long was more than threefold that of a similar-sized Diaphanosoma. The importance of temperature and generic affiliation could be especially great in well-mixed lakes characterized by rather homogeneous conditions.
